Changes in the Proteins of Wool Following Treatment of Sheep with Epidermal Growth Factor  by Gillespie, J. Morton et al.
Sept. 1982 
newborn rat epidermis. J Bioi Chem 252:2127- 2133, 1977 
l 8. Walker GK, Sachs L, Sibrack LA, Ball RD, Bernstein IA: Separa-
tion of epidermal layers of the newborn rat. J Invest Dermatol 
68:105-107, 1977 
19. Yuspa SH, Harris CC: Altered differentiation of mouse epidermal 
cells treated with retinyl acetate in. vitro. Exp Cell Res 86:95-]05, 
1974 
20. Marchok AC, Rhoton J, Nettesheim P: Long-term cu ltW'e of epi-
thelia l cells from normal rat trachaes. In Vitro 12:320, 1976 
21. Karasek MA, Charlton ME: Growth of post embryonic cells on 
collagen gels. J Invest Dermatol 56:205-210, 1!:i71 
22. Brennan JK, Mansky J, Roberts G, Lichtman MA: Improved 
methQ,ds for reducing calciu m and magnesium concentrations in 
tissue culture medium: a l)plication to studies of lymphoblast 
proliferation in vitro. In Vitro 11:354-360,' 1975 
23. Lowry OH, Rosebrough NJ , Fan AL, Randall RJ: Proteiil mea-
surement with the Folin phenol reagent. J Bioi Chem 193: 
265-275, 1951 . . • 
24. Laemmli UK: Cleavage of structural proteins during the assembly 
of the head of bacteriophage 1'4. Nature 227:680-685, 1970 
25. Bunidge K: Changes in cellular glycoproteins after transformation: 
identi fication of specific glycoproteins and antigens in sodium 
dodecyl sulfate gels. Proc Nat Acad Sci 73:4457-4461, 1976 
26. Huggins JW, Trenbeath TP, S herblom AI', Howard SC, Carraway 
KL: Glycoprotein differences in solid and ascites forms of the 
13762 rat mammary adenocarcinoma. Cancel' Res 40:1873-1878, 
1980 
27. T arentino AL, Galivan J: Membrane characteristics of adul t liver 
parenchymal ce Lis in primary mo·nolayer. cu lture. In Vitro 
0022-202X/82/7903-0197$02.00/ 0 
THIl JOUHNA L OF INVES'I'I GA'I'IVE DEHMA'J'OLOGY , 79:197-200, 1982 
Copyrigh t © 1982 by The Williams & Wilkins Co. 
CHANGES IN PROTEINS OF WOOL 197 
16:833-846, 1980 
28. Kornfeld R, Kornfeld S: Structure of glycoproteins and their oli-
gosaccharide units, The Biochemistry of Glycoproteins and Pro-
teoglycans. Edited by WJ Lennaz. New York, P len um Press, 
1980, pp 1-34 
29. Glick MC, Flowers H: Surface membranes, T he Glycoconjugates, 
vol 2. Edited by MI Horowitz, W Pigman. New York, Academic 
Press, 1978, pp 337-384 
30. Steiner t PM, Idler WW: The polypeptide composition of bovine 
epidermal tx-keratin. Biochem J 151:603-614, 1975 
31. Drochmans P , Freudenstein C, Wanson JC, Laurent L, Keenan 
TW, Stadtler J, Leloup R, Franke WW: Structure and biochem-
ical composit ion of desmosomes and tonofilament.s isolated from 
calf muzzle epidermis. J Cell BioI 79:427-443, 1978 
32. Gray GM, King lA, Yardley HJ: The plasma membrane of malpi-
ghian cells from pig epidermis: isolation and lipid and protein 
composit ion. Br J Dermatol 103:505-515, 1980 
33. King lA, T abiowo A, Williams RH: Incorporation of L-eH)-fucose 
and D-("H) glucosamine into cell -sW'face-associ!lted glycoconju-
gates in epidermis of cultW'ed pig skin slices. Biochem J 
190:64-77,1980 
34. Guy 0, Latner AL, Turner GA: Radioiodination studies of tumor 
cell surface proteins after different disaggregation procedures. Br 
J Cancer 36:166-172, 1977 
35. Baumann H, Doyle 0: Effect of trypsin on the cell surface proteins 
of hepatoma t issue culture cells. J Bioi Chem 254 :3935-3946,1979 
36. Gray GM, King lA, Yardley HJ: The plasma membrane of granulru' 
cells from pig epidermis: isolation and lipid and protein compo-
sition. J Invest Dermatol 71:131-135,1978 
Vol. 79, No.3 
Printed ill U. .A. 
Changes in the Proteins of Wool Following Treatment of Sheep with 
Epidermal Growth Factor 
J . MORTON GILLESPIE, D.8c., ROBERT C. MARSHALL, B .Sc., PH.D., G. PHILIP M. MOORE, B.Sc. , PH.D., 
BASIL A. PANARETTO, B .V.Sc., PH.D., AND DUNCA N M. ROBERTSON, B.SC., PH.D. 
CSJRO, Division of Protein. Chemistry (JG & RM), Par/wille, Victoria; CSIRO, Division of Anim.al Production (GM & BP), Bloc/down: and 
CSIRO, Unit of Molecular and Cellular Biology (DR), North Ryde, Australia 
Administration of epidermal growth factor (EGF) ex-
tracted from mouse submaxillary gland to Merino sheep 
resulted in a temporary inhibition of the activity of the 
wool follicles. Subsequently, either complete discontin-
uities appeal'ed in the fibers resulting in shedding of the 
entire fleece, or incomplete, in which case the fleece was 
retained but bore a zone of weakness [1]. The protein 
composition of the first sample of wool harvested from 
1 sheep following infusion for 66 hr with 27.5 mg EGF 
(0-2 weeks posttreatment) was similar to pretreatment 
wool. This represented wool fibers which were already 
present in the follicles at the beginning of infusion. 
Thereafter, the composition of the wool changed pro-
gressively, reaching a maximum divergence from the 
control in the 3-4 week regrowth period followed by a 
return to normal by about 10 weeks. Over this period the 
content of high-sulfur proteins first rose from an initial 
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19% to a maximum of 30%, then returned to 19%, while 
the high-tyrosine protein content initially decreased 
from 12% to 5% and then slowly increased to 12%. In 
addition to changes in overall protein composition, two-
dimensional electrophoresis r evealed alterations in the 
proportions of some individual protein components. 
These changes were similar to those observed with many 
other wool b'Towth inhibitors. Smaller doses of EGF (5.8 
and 2.9 mg but not 1 mg) had similar effects on wool 
composition but these were of lower magnitude and 
there was a d elay in reaching a maximum response. 
Even after 16-18 weeks the wool from these treated 
sheep differed slightly in composition from the pretreat-
ment samples. 
Treatment of sheep with mimosine, N(5-(4-aminophe-
noxy)pentyl)phthalimide, cyclophosphamide, or ethionine re-
sults in a temporary cessation of wool growth and shedding of 
the fleece [2,3]. Following this, changes h ave been observed in 
th e composition of t h e regrowth wool [3-5) which have been 
found to result from an altered pattern of synthesis of the 2 
groups of matrix proteins in the keratin fibers (the high-sulfur 
a nd high-tyrosine groups of proteins). Commonly, the high -
sulfur proteins substan t ia lly increased in amount but then, over 
several weeks, fell to below normal levels. In some cases the 
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composition of the wool had not returned to normal even 3 mo 
after the start of treatment. By contrast, the high-tyrosine 
proteins rapidly fell to 50% or less of the pretreatment values 
and then gradually returned to normal levels over several 
months [3,5]. Alterations also occurred in the relative propor-
tions of many individual protein components within the matrix 
proteins [6]. From studies on other keratins [7] it would be 
ant icipated that such variations in composition along the fiber 
would result in corresponding alterations in mechallico-chemi-
cal properties, although the significance of these is not known. 
The changes in the composition of mouse hair following tem-
porary inhibition of follicle activity by mimosine suggest that 
th e effects described for sheep may be of general significance 
[3,5]. 
It has been suggested [5] that the changed composition of 
regrowth wool is not the direct consequence of treatment with 
wool growth inhibitors but rather the characteristic composi-
tion of wool growing from newly developed or regenerating 
follicles. If this is true then any procedure which temporarily 
inhibited wool growth would cause the production of wool of 
changed composition. The recent use [8,9] of epidermal growth 
factor (EGF) as a wool harvesting agent provides an opportu-
nity to test the above hypothesis. Treatment of sheep with EG F 
by subcutaneous infusion resulted in a range of effects which 
were related to the dose administered [9]. These included either 
the production of a complete discontinuity with all th e fibers 
broken and the entire fleece cast, or an incomplete break with 
the fleece retained but subsequently found to bem' a narrow 
weakened zone in which shed fibers were interspersed with 
continuously growing fibers. T he wool samples examined in the 
present study were obtained from sheep studied in a previous 
investigation of the effect of EGF dose on wool growth [1,9]. 
MATERIALS AND METHODS 
Sheep Maintenance 
Adult Merino wethers were housed indoors in individual pens or 
metabolism cages. Animals were offered a ration of 600 gm of a pelleted 
mixture of 60% chopped lucerne hay and 40% oat gra in as one meal 
daily. Drinking water was provided ad lib. 
Preparation o( EGF 
EGF was prepared from the submaxillary glands of adul t male mice 
[10,11]' T he gland extract was fractionated on a Biogel P 10 column a nd 
the EGF-containing fraction was chromatographed on a DEAE cellu-
lose column. One major and one minor UV-absorbing peak were ob-
ta ined. The major peak was concentrated, dia lysed and lyophilized. 
T he homogeneity of th is peak (EGF) was established by high perform-
ance liquid chromatography and electrophoretic ana lysis on cellulose 
acetate gels. Biological activity. of this preparation was tested in the 
mouse tooth-eyelid bioassay which measured its effectiveness in causing 
precocious incisor eruption and eyelid 'opening in mice after birth 
[11]. 
Administration o( EGF 
Sheep were prepared for infusion experiments by the insertion of 
polyethylene catheters sub-dermally on the left midside region of the 
body. The day on which infusion was begun was designated day 1. The 
required amount ofEGF was dissolved in 0.9% sterile saline and infused 
for 2B-66 hr using a Harvard pump delivering a volu me of 0.03 ml/min. 
Preparation. o( Proteins 
Wool grown on a tattooed site approximately 10 x 10 cm in size on 
the right midside region of the body was clipped at weekly or fortnightly 
intervals during the period of each experiment and cleaned by immer-
sion in several changes of petroleum ether, ethanol, and water, and 
then air-dried. Wool samples (3 mg) were extracted ('or 1B hr at room 
temperatW'e with 300 Jll of a solu tion containing B M urea, 0.05 M 
dithiothreitol and 0.05 M Tris (pH 9.3). To a 50 JlI aliquot was added 5 
JlI of an aqueous solu tion containing 6 JlCi of iodo(2- " C)acetic acid and 
0.5 Jll of 3 M Tris fallowed 10 min later 'by 25 /11 of' a solution containing 
1M iodoacetic acid and 2.3 M Tris (pH 8.5). After 10 min at room 
temperature, excess iodoacetate was reacted with 5 JlI of 2-mercapto-
ethanol [12]. 
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Polyacrylamide Gel Electrophoresis 
Protein mixtW'es were characterized by a two-dimensional polyacry l-
amide gel electrophoresis procedure [12]. The proteins (10 J.!l of unfrac-
tionated extract) were separated in the fIrst dimension by electropho_ 
resis at pH B.9 in a 110 x 3.5 mm polyacryla mide gel rod (l cm 4% 
stacking gel, 10 cm 7.5% separ ation gel) conta ining B M urea fo llowed 
by SDS electrophoresis at pH B.9 in a stepwise (10%, 15%) polyacryl-
a mide gel slab (140 x 1.5 mm). The gel rod was held in place above the 
2 em stacking gel (4 .5% acrylamide) by agal·ose. Following electropho_ 
resis, the polyacryla mide gel was impregnated with the scint illant 2,5-
diphenyloxazole, dried, and placed against Kodak X-Omat R film for 
various times [12]. A longer than usual exposure was llsed when 
necessary to enhance the intensity of the high-tyrosine protein spots 
before scanning with a Shimadzu TLC Scanner in the single bea m 
transmission mode. 
Amino Acid Analysis 
Wool samples were hydrolyzed for 22 hr in va.cuo at lOB oC wi th 5.7 
M H CI containing 2 MM phenol, and then fTeeze-w·ied. In order to 
oxidize any cys teine produced by reaction belween phenol and cystine 
the hydrolysates were dissolved in 1 ml of 0.1 M borate and sha ken in 
contact with air before being fTeeze-w'ied and analyzed. The concentra-
tions in wool of the 2 classes of matrix proteins (high-sulfuJ' group and 
high-tyrosine group) were calculated from the cystine and tyrosine 
con tents respectively [5]. Differences that can be regarded as significant 
(three standard deviations) correspond to about 1.5% high-sulfur pro-
teins and 1% high-tyrosine proteins [5]. 
RESULTS 
Changes in the Composition of R egrowth Wool 
Samples of wool were collected from sheep 5837 before and 
at intervals after infusion with 27.5 mg of EGF. Follicular 
activity temporarily ceased dUl"ing the 2 weeks following infu-
sion and the fleece was shed. New wool growth was observed at 
the skin sUl"face on day 16. The first posttreatment sample was 
collected at 2 weeks corresponding to wool all'eady present in 
the follicle at the time of treatment. Subsequent samples were 
taken at weekly intervals between 2 and 6 weeks and finally at 
2 weekly intervals up to 12 weeks after the start of infusion. 
The amino acid and protein composition of wool samples from 
pretreatment and 2 regrowth periods m'e presented in the 
T able. 
There are characteristic differences in amino acid composi-
tion between the pretreatment wool and that grown in the 3-4 
week period following treatment (Table). Cystine and proline, 
which are particularly associated with the high-sulfur proteins 
TABLE 1. A mino acid a.nd protein composition o( wool (rom sheep 
5837 be(ore and a(ter administration o( epidermal g rowth (a.ctor 
(27.5 rng) 
Amino acid ConcenLl'ut.ion in woo l Pretreatment. At. 3-4 weeks AI. 5- 6 weeks 
Lysine 3.0 2.7 3.0 
H istidine O.B 0.8 O.B 
Arginine 7.1 7.1 7.2 
Aspartic Acid 7.0 6.] 6.B 
Threonine 5.7 6.7 5.9 
Serine 9.7 10.8 10.3 
Glutamic Acid 11.7 11.6 11.7 
Proline 6.1 7.3 6.2 
Glycine 9.4 7.2 B.7 
Alanine 5.6 5.3 5.5 
Cystine 9.2 12.B 10.0 
Valine 5.6 5.6 5.5 
Methionine 0.5 0.4 0.5 
Isoleucine 3.0 3.0 3.1 
Leucine B.3 7.3 B.1 
Tyrosine 4.3 3.1 4.0 
P henylalanine 3.0 2.4 2.9 
High-sulfur pI'otein 19 30 21 
High-tyrosine protein 12 5 10 
Amino ac id content is expressed as residues per 100 residues, and 
protein content as grams pel' lOOg wool. For additiona l data see Fig. 1. 
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[5], increased by 39% and 20% respectively, while those amino 
a cids associated with the high-tyrosine proteins (glycine, tyro-
sine and phenylalanine) [5] decreased by over 20%. From pre-
viously determined regressions [3,5] these changes corre-
s ponded to an increase in the high-sulfur proteins from 19% to 
30% and a decrease in the high -tyrosine proteins from 12% to 
5%. In the 5-6 week regrowth period the amino acid composition 
had almost returned to that of the pretreatment sample. The 
complete time course for the 12 weeks after treatment is shown 
in Fig 1a. It can be seen that the maximum change in compo-
s ition occurs at about 4 weeks followed by a slow return to 
normal at about 10 weeks. Similarly, a dose of 11.7 mg of EGF 
given to sheep 1946 temporarily stopped wool growth and the 
fleece was shed. Wool grown 3-4 weeks after treatment as 
compaJ'ed with the control showed a rise in high-sulfur protein 
(20% to 26%) and a fall in high-tyrosine protein (13% to 4%). 
Unfortunately samples from later growth periods were not 
available for analysis. 
S heep infused with smaller amounts of EGF (5.8 mg sheep 
2259; 2.9 mg sheep 2265) also showed significant dose-dependent 
changes in the composition of the regrowth wool (Fig 1b,c). 
Changes in composition with time after t reatment were similar 
to those observed with sheep 5837 (Fig la) although the effects 
were smaller and the maximum alteration in composit ion was 
delayed. Even after 16 weeks or more the wool from these sheep 
(2259,2265) (Fig Ib,c) had not completely returned to pretreat-
ment levels, with the final values for high-sulfur proteins below 
normal . This response is similar to that which follows treatment 
of sheep with other wool growth inhibitors [3,5]. A dose of 1 mg 
given to sheep 1562 did no t al ter the growth rate, strength or 
composition of wool produced in the next 4 weeks (Fig Id). 
The 5 experimental sheep, not unexpectedly, produced pre-
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FIG 1. Changes in the protein composit ion of wool fo llowi ng the 
treatment of 4 sheep wi th differing amounts of EGF, (a) S heep 5837-
27.5 mg, complete break, fl eece shed. (b) Sheep 2259-5.8 mg, complete 
break, fl eece shed. (c) Sheep 2265-2.9 mg, incomplete break, (d) Sheep 
1562-1.0 mg, no effect. 0 High-sulfur protein; 0 high-tyros ine prote in. 
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treatment wool samples of different composition with the high -
sulfur proteins ranging from 19-24% and the high-tyrosine 
proteins from 8-13%. It is not known whether initial composi-
t ion is one of the factors influencing the level of response to 
follicular inhibition. 
Changes in Individual Protein Components in Regrowth 
Wool 
The proteins extracted fwm the pretreatment wool, and wool 
grown 3-4 weeks and 5- 6 weeks after EGF treatment of sheep 
5837 were examined by two-dimensional polyacrylamide gel 
electrophoresis (Fig 2). Each of the 3 major groups of proteins 
(low-sulfur, high-sulfur, high-tyrosine) was well separated in 
different aJ'eas of the electrophoretic pattern (Fig 2). The iden-
t ity of most of the major spots has been established [13]. 
The electrophoretic patterns (Fig 2a,c) for the pretreatment 
wool and that grown 5-6 weeks after EGF treatment were 
almost identical, while that for the 3-4 week regrowth wool (Fig 
2b) was quite different. In accord with the chaJ1ges in protein 
composition determined from amino acid analysis, the electro-
phoretic patterns showed that compaJ'ed with the pretreatment 
sample, the 3- 4 week regrowth wool showed an overall increase 
in the proportion of high-sulfur proteins, especially the ul tra-
high-sulfur (URS) proteins [14]. T hese URS proteins showed 
a maJ'ked banding pattern visible through the usual smeaJ'ed 
background. In contrast, one high-sulfur protein component 
(spot 2 in F ig 2a) was almost absent from this wool. A visual 
examination of the electrophoretic pattern for the 3-4 week 
regrowth wool also confinned the fall in the high-tyrosine 
proteins although this appeaJ'ed greater than expected from the 
amino acid analyses, possibly because the particulaJ' URS pro-
teins stimulated by the treatment differ in composition [Tom 
the normal URS proteins. Densitometric scans, only possible 
because the similal' size of the high- tyrosine proteins results in 
a linear distribut ion of t heir spots (Fig 3), showed that the 
synthesis of the Type II (cystine-rich) fraction was inhibi ted to 
a greater extent than that of the Type I (cystine-poor) proteins. 
Within the latter fraction there were large changes in the 
relative proportions of individual components. The unidentified 
protein(s) labelled 1 in Fig 2a, also decreased in amoun t. 
DISCUSSION 
The work described in this paper has shown that treatment 
of sheep with EGF causes a dose-related response in the protein 
composition of the regrowth wool. Reductions in dose slow the 
attainment of peak changes in wool composition and decrease 
the magnitude ' of these changes. An initial examination of the 
wool growth curves for these sheep (Fig 4 in reference 10) 
suggests that maximum inhibition of wool growth occurs 1 to 2 
weeks earlier than peak changes in wool composition. However 
if the fu'st sample (0-2 weeks posttreatment) represents wool 
already in the follicl e at the time of treatment then the chaJ1ges 
pH S,9 
__ ,--pH_S'_9 __ + __ ---!p:..:.H_S_" 9 __ + 
CONTROL 5-6 WEEKS 
50S ., 
Low·aulfur Hlgh .. ! ulfur 
.. 
,. 
+ (0) (e) 
FIG 2. Two-dimensional electrophoresis of S-carboxymethyl wool 
prote ins in polyacrylamide gels (sheep 5837). (a) Pretreatment w?ol. 
(b) Regrowth wool (3-4 weeks) . (c) Regrowth wool (5-6 weeks). Fu'st 
dimension (horizonta l) in 8 M urea at pH 8.9. econd dimension 
(ve rtica l) in SDS at pH 8.9. 
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(0) CONTROL 
(b) 3-1, WEEKS 
~ 
(c) 5 -6 WEEKS 
Type I Type II 
-------------+.+ 
FIG 3. Densitometric tracings of the high-tyrosine protein regions 
of the two-dimensional electrophoretic patterns shown in Fig 2. (a) 
Pretreatment wool. (b) Regrowth wool (3-4 weeks). (c) Regrowth wool 
(5-6 weeks). 
in wool protein composition generally coincide with new wool 
production following treatment with EGF. These observations 
are similar to those observed with other compounds and provide 
additional support for the idea that such changes must always 
accompany wool growth inhibition regardless of the means by 
which this is accomplished [5]. 
T he 3-4 week regrowth wool (sheep 5837) contains more 
high-sulfur protein than the pretreatment control (30% vs 19%) 
and this is largely due to an increased synthesis of UHS 
proteins. These proteins are also elevated in the wool grown 
after wool growth inhibition with mimosine and cyclophospha-
mide [6] and by any treatment of t he sheep which results in 
the production of wool of increased cystine content [14]. How-
ever the distinct banding pattern visible through the smear of 
normal UHS proteins has not been observed before and sug-
gests that there has been a specific stimulation of synthesis of 
certain UHS proteins. The isolation and characterization of 
these new UHS proteins would be of considerable interest. In 
addition to a substantial reduction in the total amoun t of the 
high-tyrosine proteins in the 3-4 week regrowth wool, the EGF 
treatment preferentially suppresses the synthesis of the Type 
II fraction and certain components of the Type I complex. 
At present it is not possible to provide an explanation for the 
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complex changes in wool protein synthesis which follow the 
temporary inhibition of follicle activity. Before this can be done 
much more will need to be known about the biosynthetic 
activities of the regenerating follicle, the responses of individual 
wool proteins to follicl e inhibitors and the effect of changes in 
the level of nutrients at the follicle which take place when wool 
growth rates are altered [14]. 
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